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COVER: Redistributed ground-water withdrawals on the Island of Molokai
will cause a redistribution of water levels and coastal discharge. Water levels
increase near sites of reduced withdrawal (blue triangles), and decrease near
sites of increased withdrawal (red triangles), as shown by the contours of
water-level change (in feet). Similarly, coastal discharge increases near sites
of reduced withdrawal (blue squares), and decreases near sites of increased
withdrawal (brown squares), as shown by the colored boxes. Ground-water
discharge to coastal fishponds may be affected by a redistribution of ground-
water withdrawals.
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Conversion Factors

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square foot (ft?) 0.09290 square meter (m?)
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m?)
million gallons (Mgal) 3,785 cubic meter (m?)
cubic foot (ft’) 0.02832 cubic meter (m*)
Flow rate
gallon per day (gal/d) 0.003785 cubic meter per day (m?/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m?/s)
inch per year (in/yr) 254 millimeter per year (mm/yr)
Hydraulic conductivity
foot per day (ft/d) 0.3048 meter per day (m/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8

Vertical coordinate information is referenced to mean sea level.

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

Fluid conductivity is given in microsiemens per centimeter at 25 degrees Celsius

(uS/cm at 25°C).

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)

or micrograms per liter (pg/L).



Numerical Simulation of the Hydrologic Effects of
Redistributed and Additional Ground-Water Withdrawal,

Island of Molokai, Hawaii

By Delwyn S. Oki

Abstract

Because of increased demand for water associated with
a growing population, projected increases in demand over
the next few decades, and rising salinity of the water pumped
from some existing wells, the County of Maui Department of
Water Supply (DWS) is currently (2006) considering drilling
additional wells to replace or supplement existing wells on
the Island of Molokai, Hawaii. Redistributed and additional
ground-water withdrawals will affect ground-water levels,
discharge of ground water to the nearshore environment, and,
possibly, salinity of the water pumped from existing wells.

For this study, an existing numerical ground-water-flow
model was used to estimate water-level and coastal-discharge
changes, relative to 2005 base-case conditions, caused by
withdrawals in the area between Kualapuu and Ualapue on
Molokai. For most of the scenarios tested, total withdrawals
were either equal to or 0.28 million gallons per day greater
than those in the 2005 base case. Model results indicate that a
redistribution of withdrawals causes a corresponding redistri-
bution of water levels and coastal discharge. Water levels rose
and coastal discharge increased near sites of reduced with-
drawal, whereas water levels declined and coastal discharge
decreased near sites of increased withdrawal. The magnitude
and areal extent of hydrologic changes caused by a redistribu-
tion of withdrawals increased with larger changes in with-
drawal rates. Simulated water-level changes were greatest at
withdrawal sites and decreased outward with distance else-
where. Simulated water-level declines at proposed withdrawal
sites generally were less than 0.5 feet. The low-permeability
dike complex of East Molokai Volcano impeded the spread of
water-level changes to perennial streams in the northeastern
part of the island, and discharge to these streams in the dike
complex therefore was unaffected by the proposed withdraw-
als.

Simulated coastal-discharge changes generally were
greatest immediately downgradient from sites of withdrawal
change. Simulated coastal-discharge reductions generally were
less than 30,000 gallons per day (and everywhere less than
75,000 gallons per day) within model elements for scenarios

that excluded the Hawaii Department of Hawaiian Home
Lands reservation (2.905 million gallons per day). (Model
elements cover discrete 1,640- by 1,640-foot-square areas.)
Simulated coastal-discharge reductions generally represented
less than 5 percent change relative to 2005 base-case condi-
tions. Simulated discharge to some fishponds and springs
increased in response to decreased withdrawal at upgradient
sites, and simulated discharge to other fishponds and springs
decreased in response to increased withdrawal. Simulated
water-level declines associated with the Hawaii Department
of Hawaiian Home Lands reservation were as much as 4 feet
at three arbitrarily selected withdrawal sites, and simulated
reductions in coastal discharge between Umipaa and Kamilo-
loa along the south coast exceeded 200,000 gallons per day
from several model elements.

Introduction

The resident population of the Island of Molokai,
Hawaii (fig. 1), has grown by more than 20 percent from
1980 (population 6,049) to 2000 (population 7,404) (Hawaii
Department of Business, Economic Development & Tourism,
2006). Because of increased demand for water associated with
the growing population, projected increases in demand over
the next few decades, and rising salinity of the water pumped
from some existing wells, the County of Maui Department of
Water Supply (DWS) is currently (2006) considering drilling
additional wells to replace or supplement existing wells on
Molokai.

In response to concerns over the water resources of
Molokai, the Hawaii Commission on Water Resource Manage-
ment (CWRM) designated the entire island as a Ground Water
Management Area in 1992. This action authorized the State
to manage ground-water withdrawals on Molokai through a
permitting process to protect the island’s water resources. The
CWRM has divided the island into 16 management areas or
aquifer systems, primarily defined on the basis of geologic
conditions and topographic divides (Mink and Lau, 1992)
(fig. 2). Ground-water withdrawals on the island currently
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are limited by sustainable-yield estimates for each of the 16
aquifer systems. As of May 2005, the CWRM had issued
water-use permits authorizing a total of 8.077 million gallons
per day (Mgal/d) of ground-water withdrawals from wells and
tunnels on the island (table 1). In addition, the Hawaii Depart-
ment of Hawaiian Home Lands (DHHL) has a reservation for
2.905 Mgal/d of ground water from the Kualapuu area (fig. 2;
table 1).

Redistributed and additional ground-water withdrawals
will affect ground-water levels and may cause the salinity of
water pumped from existing wells to increase. Redistributed
and additional ground-water withdrawals also will affect
discharge of fresh and brackish water to the nearshore environ-
ment. Along the south coast, Native Hawaiians built dozens of
fishponds in shallow coastal waters by constructing rock-wall
enclosures extending from the shoreline (fig. 1). References to
fishpond construction on Molokai date back to the 16th cen-
tury, and the most recently constructed fishpond on the island
was built about 1829 (Farber, 1997). Members of the commu-
nity on Molokai have identified 31 fishponds that they would
like to restore and maintain in a traditional manner for subsis-
tence and small-business ventures (Farber, 1997). Discharge
of fresh or brackish ground water to these fishponds may be a
factor controlling productivity by providing nutrients for algae
on which the fish feed (Farber, 1997). Stearns and Macdonald
(1947, p. 56) suggested that fishponds along the south shore
of Molokai indicate the presence of coastal springs, some
of which discharge more than 0.5 Mgal/d. Thus, additional
ground-water withdrawal may affect fishpond productivity.

In response to concerns over the possible effects of
ground-water withdrawal on Molokai, the U.S. Geologi-
cal Survey (USGS) undertook the present investigation, in
cooperation with the DWS, to quantify the hydrologic effects
of withdrawal from selected sites on ground-water levels and
coastal discharge of ground water. An existing numerical
ground-water-flow model (Oki, 1997) was used to estimate
water-level declines and coastal-discharge reductions caused
by redistributed and additional ground-water withdrawals in
the area between Kualapuu and Ualapue on Molokai.

Purpose and Scope

The purpose of this report is to describe the results
of model simulations that assess the hydrologic effects of
redistributed or additional ground-water withdrawals relative
to average or permitted 2005 withdrawal rates. No new data
were collected as part of this study. An existing numerical
ground-water-flow model (Oki, 1997) for Molokai was used
to estimate the effects of different withdrawal scenarios on
ground-water levels and coastal discharge.

Setting

The Island of Molokai, the fifth largest of the Hawaiian
Islands, occupies an area of 260 mi* (Juvik and Juvik, 1998)
between latitude 21°00'-21°15" N. and longitude 157°20'-
156°40” W. (fig. 1). The island is composed mainly of two
shield volcanoes (Stearns and Macdonald, 1947): the older
West Molokai Volcano, which rises to an altitude of 1,381 ft,
and the younger East Molokai Volcano, which rises to an alti-
tude of 4,961 ft. The town of Kualapuu lies on the Hoolehua
Plain in the central saddle area of the island.

Climate

The climate on Molokai is characterized by mild temper-
atures, cool and persistent trade winds, a rainy winter season
from October through April, and a dry summer season from
May through September (Blumenstock and Price, 1967; Sand-
erson, 1993). The climate is controlled primarily by topog-
raphy and the position of the North Pacific anticyclone and
other migratory weather systems relative to the island. During
the dry season, the stability of the North Pacific anticyclone
produces persistent northeasterly winds known locally as
trade winds. Summer trade winds blow 80 to 95 percent of the
time. During the rainy season, frequent passage of migratory
high-pressure systems by the Hawaiian Islands results in less
persistent trade winds. Winter trade winds blow 50 to 80 per-
cent of the time. Southerly winds associated with low-pressure
systems can bring heavy rains to the island. The dry western
and southern coastal areas receive much of their rainfall as a
result of these low-pressure systems.

Rainfall

The windward (northeast) side of Molokai is wettest, a
pattern controlled by the orographic lifting of moisture-laden
northeasterly trade winds along the windward slope of East
Molokai Volcano. The moisture-laden air mass cools as it
rises up the slopes of the volcano, resulting in condensation,
cloud formation, and high rainfall near the topographic crest
of the mountains. West Molokai Volcano is considerably drier
because it does not extend upward into the cloud-forming zone
at higher altitudes.

Rainfall on Molokai is characterized by maxima at
high altitudes and steep spatial gradients (fig. 3). Maximum
mean annual rainfall is more than 150 in. near the summit of
East Molokai Volcano in the northeastern part of the island
(Giambelluca and others, 1986). Over West Molokai Volcano,
maximum mean annual rainfall is about 25 in., and along the
coastal areas of the southern and western parts of the island,
mean annual rainfall is less than 16 in. Annual rainfall at
Molokai Airport (rain gage 524, fig. 3) ranged from about 11
to 43 in. during the period 1975-2004 (fig. 4). In a wetter area
to the east at Waikolu (rain gage 540, fig. 3), annual rainfall
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Table 1. Ground-water-use permits effective in 2005 on the Island of Molokai, Hawaii.

[Data from the Hawaii Commission on Water Resource Management. Values in parentheses are 2005 mean annual withdrawal
rates. Mgal/d, million gallons per day; --, no number available; MIS, Molokai Irrigation System]

Well Name Water-use permit Aquifer
(Mgal/d) system
0350-01 Keawanui salt 0.24 Ualapue
0350-05 Wescoatt 0.004 Ualapue
0350-07 Manawai No. 1 0.015 Ualapue
0350-09 Oceanic Institute salt 0.75 Ualapue
0352-09 Kamalo 0.01 Ualapue
0352-10 Kamalo-Curtis 0.012 Kawela
0352-11 Shige’s farm 0.004 Kawela
0352-12 Urauchi No. 1 0.001 Ualapue
0354-01 Meyer, Inc., No. 1 0.029 Kawela
0354-02 Meyer, Inc., No. 2 0.04 Kawela
0354-03 No. 3 0.017 Kawela
0354-04 Meyer, Inc., No. 4 0.005 Kawela
0354-07 Bostwick No. 1 0.045 Kawela
0447-02 Pukoo Farm 0.003 Ualapue
0448-01 Mapulehu Shaft No. 1 0.003 Ualapue
0448-03 Mapulehu Shaft 0.007 Ualapue
0449-01 Ualapue Shaft 0.185 (0.234) Ualapue
0449-06 Kaluaaha-Shephard 0.008 Ualapue
0456-04, 0457-04 Breadfruit and AG No. 1 0.285 Kawela
0456-06, 0456-08, 045609 Kawela Plantation DW1-DW3 0.285 Kawela
0456-16 Kawela-laea No. 3 0.017 Kawela
0456-17 Johnson 0.016 Kawela
0457-01 Kawela Shaft 0.33 (0.348) Kawela
0501-04 Kupa Shaft 0.056 Kamiloloa
0501-06 Home Pumehana 0.005 Kamiloloa
0501-07 Kaunakakai Park 0.075 Kamiloloa
0546-02 Puelelu 0.202 Waialua
0549-01 Mapulehu Tunnel 0.01 Ualapue
0601-01 Oloolo Kaunakakai 0.075 Kamiloloa
0602-03 Kalaiakamanu 0.005 Manawainui
0603-01 Umipaa 0.046 Manawainui
0605-01, 0605-02 ORCA Shaft Nos. 1 and 2 0.6 Manawainui
0605-03 ORCA No. 3 0.04 Manawainui
0705-05 Naiwa 0.012 Manawainui
070602 South Hoolehua 0.864 Manawainui
0706-03 Palaau salt 0.001 Manawainui
0759-01 Waiola No. 1 10.656 Kamiloloa
0801-01, 0801-02 Kualapuu Nos. 1 and 2 0.367 Kualapuu
0801-03 Kualapuu mauka 0.516 (0.605) Kualapuu
0844-01 Puu O Hoku No. 1 10.235 Waialua
0855-01, 0855-02, 0855-03 Waikolu Tunnel 22-24 0.853 Waikolu
0901-01 No. 17 1.018 Kualapuu
1058-01 Waihanau No. 239 0.094 Kahanui
1059-01 Waikalae Tunnel 0.036 Kualapuu
— DHHL reservation 2.905 Kualapuu
MIS Tunnel Molokai Irrigation System Tunnel 21.822 Waikolu

"Not simulated.
21992-96 average withdrawal (Oki, 1997), equally distributed to two model nodes.
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Figure 4. Annual rainfall at selected rain-gaging stations on the Island of Molokai, Hawaii, for the period 1975-2004.
Mean annual rainfall values are for 1975-2004 and do not include missing or incomplete years (indicated as zero
values). Data from National Climatic Data Center (2006).

ranged from about 46 to 185 in. during the same period (fig.
4). In comparison, mean annual rainfall over the open ocean
is estimated at 22 to 28 in. (Dorman and Bourke, 1979; Elliot
and Reed, 1984).

Evaporation

Published pan-evaporation records for Molokai are avail-
able at only three sites, two in the Hoolehua Plain and one
near the town of Maunaloa in the western part of the island.

Mean annual pan evaporation at the three sites ranges from 81
in. at Maunaloa to 118 in. near the Hoolehua Plain (Ekern and
Chang, 1985). The high pan-evaporation rate on the dry, windy
uplands of the central part of the island is attributed to extreme
positive advection of heat from the dry surrounding areas
(Ekern and Chang, 1985). Over the open ocean, the computed
evaporation rate is about 65 in/yr (Seckel, 1962).
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Geology

The evolution of Hawaiian volcanoes generally pro-
gresses through four main eruptive stages: preshield, shield,
postshield, and rejuvenated (Langenheim and Clague, 1987),
although not all Hawaiian volcanoes have a postshield or
rejuvenated stage. The preshield stage is the earliest, subma-
rine phase of volcanic activity. Lava from this stage consists
predominantly of alkalic basalt (basalt that is low in silica
and rich in sodium and potassium). Lava from the principal,
or shield, stage of volcano building consists of fluid tholeiitic
basalt (silica saturated) that characteristically forms thin flows.
This type of basalt forms during submarine and subaerial erup-
tions. A large central caldera can form during the shield stage
and might later be partly or completely filled during subse-
quent eruptions. Typically, thousands of lava flows originate
from the central caldera and from two or three rift zones that
radiate out from the central part of the volcano. Intrusive
dikes formed by rising magma penetrate the rift zones and
caldera area. The shield stage is the most voluminous phase
of eruptive activity, during which more than 95 percent of the
volcano is formed. The postshield stage is marked by a change
in lava chemistry and characteristics. Postshield-stage lava
includes alkalic basalt and more viscous hawaiite, ankaramite,
mugearite, and trachyte. Lava from this stage may erupt from
sites outside the rift zones formed during the shield stage and
form a veneer atop the shield-stage basalt. After a long period
of quiescence, lava might issue from isolated vents on the
volcano during the rejuvenated stage (also referred to as the
posterosional stage).

Volcanic rocks of Hawaii can be divided into three main
groups on the basis of their mode of emplacement: extru-
sive lava flows; intrusive dikes, sills, stocks, and plugs; and
pyroclastic deposits. In general, lava flows that erupt from rift
zones are less than 10 ft thick and consist of either pahoehoe,
which is characterized by smooth or ropy surfaces, or aa,
which contains a massive central core sandwiched between
rubbly clinker layers (Wentworth and Macdonald, 1953). Aa
flows are typically more abundant at greater distances from
eruptive sources (Lockwood and Lipman, 1987).

Dikes are thin, near-vertical sheets of massive rock that
intrude existing rocks, such as lava flows. Dikes are commonly
exposed by erosion within the central and marginal parts of
rift zones of older volcanoes (see Takasaki and Mink, 1985),
including West and East Molokai Volcanoes.

In the central part of a rift zone, dikes can number as
many as 1,000 per mile of horizontal distance and compose
10 percent or more of the total rock volume (Takasaki and
Mink, 1985). The number of dikes decreases toward the outer
edges of a rift zone within the marginal dike zone, where dikes
generally compose less than 5 percent of the total rock volume
(Takasaki and Mink, 1985). Wentworth and Macdonald (1953)
estimated that 200 dikes are needed to build 1,000 ft of a
shield volcano.

Takasaki and Mink (1985, p. 5) define a dike complex as
the “aggregates of dikes and the rocks they intrude...” By this
definition, the marginal dike zone should be considered part
of the dike complex. However, in their earlier description of a
dike complex, Stearns and Vaksvik (1935, p. 97) recognized
that dikes do occur outside the dike complex. Thus, for the
purposes of this report, the dike complex is considered as the
central part of the rift zone, where dikes compose 10 percent
or more of the total rock volume, and the marginal dike zone is
adjacent to the dike complex.

Pyroclastic rocks are formed by explosive volcanic
activity and deposited by transport processes related to this
activity. Pyroclastic rocks, such as ash, cinder, and spatter, can
be deposited during all of the subaerial stages of eruption and
probably form less than 1 percent of the total mass of a Hawai-
ian volcano (Wentworth and Macdonald, 1953). Cinder cones
likely represent the surface expression of an intrusive body
(dike) and may occur outside the central part of the rift zone.

The overall geology of Molokai has been described by
numerous investigators (for example, Lindgren, 1903; Stearns
and Macdonald, 1947; Beeson, 1976; Macdonald and oth-
ers, 1983; Stearns, 1985). Langenheim and Clague (1987)
described and renamed the stratigraphic framework of volca-
nic rocks on Molokai.

The Island of Molokai is formed primarily by shield- and
postshield-stage volcanic rocks of the West and East Molokai
Volcanoes, and secondarily by rejuvenated-stage volcanic
rocks on the Kalaupapa Peninsula (Langenheim and Clague,
1987). Intrusive volcanic rocks in the form of dikes associated
with rift zones and volcanic vents occur on both West and East
Molokai Volcanoes. Coastal deposits consisting of sedimen-
tary material and limestone reefs occur along the south coast.

West Molokai Volcano

The primary rift zones of West Molokai Volcano trend
approximately northwest and southwest (fig. 5) in the direc-
tion of broad ridges that extend from near the summit of the
volcano. A positive gravity anomaly that extends from near
the summit region through Laau Point at the southwest tip of
the island (Moore and Krivoy, 1965) suggests the presence
of dense intrusive dikes associated with the southwestern rift
zone. A few southeast-trending dikes exposed near the south
coast may be evidence of a third rift zone associated with West
Molokai Volcano. No surface evidence of a summit caldera
has been observed on West Molokai Volcano (Beeson, 1976;
Langenheim and Clague, 1987). Numerous fault scarps, 100
to 500 ft high, are exposed on the northeastern part of the
volcano (Stearns and Macdonald, 1947). The exposed rocks of
West Molokai are shield-stage tholeiitic basalt and postshield-
stage hawaiite and alkalic basalt. Collectively, the volcanic
rocks of West Molokai Volcano are known as the West Molo-
kai Volcanics (Langenheim and Clague, 1987).
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East Molokai Volcano

The primary rift zones of East Molokai Volcano trend
northwest and east from a central caldera complex (fig. 5).
Macdonald (1956) suggested a possible southern rift zone
emanating from the caldera. Furthermore, Malahoff and
Woollard (1966) interpreted results from a magnetic survey as
indicating a possible southwestern rift zone emanating from
the caldera complex. The northwestern and eastern rift zones
are marked by numerous nearly vertical to vertical intrusive
dikes (Stearns and Macdonald, 1947). The caldera complex
of East Molokai Volcano is exposed in Pelekunu and Wailau
stream valleys (fig. 5), and consists of stocks, plugs, crater
fills, ponded lavas, and talus and fault breccias cut by dike
swarms (Stearns and Macdonald, 1947).

Stearns and Macdonald (1947) mapped numerous vent
features, including cinder and spatter cones, along the west
and south flanks of East Molokai Volcano (fig. 5). Many of
these features do not appear to lie along the trends of the two
primary rift zones of the volcano, possibly indicating the pres-
ence of (1) a marginal dike zone or (2) more than two primary
rift zones.

The exposed rocks of East Molokai Volcano are named
the East Molokai Volcanics and the Kalaupapa Volcanics
(Langenheim and Clague, 1987). The East Molokai Volca-
nics is divided into two informal members: a lower member
consisting of shield-stage tholeiitic, olivine-tholeiitic, and
picritic-tholeiitic basalts and postshield-stage alkalic basalt;
and an upper member consisting of postshield-stage mugearite
and lesser amounts of hawaiite and trachyte (Langenheim
and Clague, 1987). The upper member forms a relatively
thin (approx. 50-500 ft thick) veneer over the lower mem-
ber (Stearns and Macdonald, 1947); the upper member may
obscure vent features associated with the lower member. The
Kalaupapa Volcanics includes the rejuvenated-stage alkalic
basalt and basanite that form Kalaupapa Peninsula (Clague
and others, 1982; Langenheim and Clague, 1987).

Estimated ages of the rocks of West and East Molokai
Volcanoes (McDougall, 1964; Naughton and others, 1980;
Langenheim and Clague, 1987) indicate that the volcanoes
may have formed contemporaneously. Stearns and Macdonald
(1947) noted, however, that an erosional unconformity, which
dips about 10° E., is exposed at an altitude of 250 ft in the east
bank of Waiahewahewa Gulch (fig. 1). At this site, East and
West Molokai Volcanics are separated by 3 ft of soil and 6 ft
of spheroidally weathered basalt, with the West Molokai Vol-
canics at the bottom of the sequence. This sequence indicates
that the West Molokai Volcanics is older than the East Molo-
kai Volcanics at the site of the exposed unconformity.

Coastal Deposits

Along the southern part of the island, a coral reef extends
from the coast to about 1 mi offshore, and limestone also has
been described in a geologic log from a well near the south

coast (Lindgren, 1903). In addition, along the south shore

of East Molokai Volcano and the Hoolehua Plain, an apron
of alluvium has formed by deposition of eroded soil. Off

the north coast of Molokai, a thin veneer of recent sediment
derived from wave erosion covers the insular shelf (Mathew-
son, 1970).

Hydraulic Conductivity of the Rocks

Hydraulic conductivity is a quantitative measure of the
capacity of a rock to transmit water and can be described
qualitatively by permeability—the ease of fluid movement
through a porous rock (see Domenico and Schwartz, 1990).
The permeability of volcanic rocks varies with their mode of
emplacement.

Lava Flows

In a layered sequence of subaerial, shield-stage lava flows
of a volcano, where dike intrusions are absent, the overall
permeability is high (Stearns and Macdonald, 1947). The main
features of lava flows contributing to the high permeability are
(1) clinker zones associated with aa flows, (2) voids along the
contacts between flows, (3) cooling joints normal to flow sur-
faces, and (4) lava tubes associated with pahoehoe flows. On
the basis of a numerical-model analysis, Oki (1997) estimated
the horizontal hydraulic conductivity of the dike-free, shield-
stage lava flows of Molokai at 1,000 ft/d.

Dikes

Although most dikes are less than 10 ft thick, they can
extend vertically and laterally for thousands of feet and are
hydrologically important because of their low permeabil-
ity. Within a dike complex, dikes intersect at various angles
and compartmentalize the more permeable intruded rock,
impounding ground water to high altitudes. Because dikes
lower overall rock porosity and permeability, the average
hydraulic conductivity of a dike complex decreases as the
number of dike intrusions increases. Although the geometry
and local-scale hydrologic effects of the dikes that fed the
scattered vents of East Molokai Volcano near Kualapuu are
unknown, these dikes intrude the aquifer and probably lower
the overall permeability of the aquifer.

On the basis of a numerical-model analysis, Oki (1997)
estimated the overall hydraulic conductivity of the dike com-
plexes of West and East Molokai Volcanoes at 2 and 0.02 ft/d,
respectively, and the horizontal hydraulic conductivity of the
marginal dike zone near Kualapuu at 100 ft/d.

Weathering

Weathering generally reduces the permeability of vol-
canic rocks. The zone of weathered West Molokai Volcanics



and soil beneath the contact of the West and East Molokai
Volcanics likely impedes ground-water flow between East and
West Molokai Volcanoes. In this report, this weathered zone
is referred to as the West Molokai confining unit. No data are
available to determine whether this unit is truly an effective
barrier to ground-water flow; however, on the basis of infor-
mation from Oahu (Oki, 1998) on weathered volcanic rocks
and a similar geohydrologic barrier, Oki (1997) estimated the
hydraulic conductivity of the West Molokai confining unit at

1 ft/d.

Coastal Deposits

Coastal deposits and underlying weathered volcanic rocks
impede the seaward discharge of freshwater near the southern
part of the island. The permeability of the interbedded coastal
deposits may vary widely, from low-permeability compacted
alluvium to cavernous limestone deposits. Oki (1997) esti-
mated the overall vertical hydraulic conductivity of the coastal
deposits in the southern part of the island at 0.5-5 ft/d.

Regional Ground-Water-Flow System

Precipitation is the source of all freshwater on Molo-
kai. The precipitation either (1) runs off, (2) evaporates or is
transpired by vegetation, or (3) recharges the ground-water
system. Water that recharges the ground-water system flows
from zones of higher to lower hydraulic head, as measured by
water level. Water levels are highest in the mountainous inte-
rior parts of the island, particularly in the northeast, and lowest
near the coast. Thus, ground water flows from the mountain-
ous interior areas to coastal discharge areas. Ground water
originating from the eastern and western parts of the island
also flows toward the central Hoolehua Plain, from where it
flows to either the north or south coast.

Ground water that is not withdrawn from wells and tun-
nels discharges naturally from the aquifer at onshore springs
and seeps in deeply incised valleys and at subaerial and sub-
marine coastal springs and seeps. In the northeastern part of
the island, springs form where stream erosion has cut through
dike compartments below the level of the water table. Ground-
water discharge at these springs contributes to the base flow of
streams.

Ground water on Molokai is unconfined in inland areas.
Along the south coast, ground water may be confined by
sedimentary deposits that impede the seaward discharge of
fresh ground water. Fresh ground water on the island occurs
in two main forms: (1) as a lens-shaped body of freshwa-
ter, called a freshwater lens, floating on denser, underlying
saltwater within permeable dike-free lava flows; and (2) as
dike-impounded water ten to hundreds of feet above sea level.
Stearns and Macdonald (1947) also suggested that perched
water exists on Molokai.

Regional Ground-Water-Flow System 1"

Recharge

Ground water is recharged by direct infiltration of rainfall
over much of the island. Over West Molokai Volcano and the
Hoolehua Plain, however, ground-water-recharge rates are low
because of low rainfall and high evaporation rates. The area of
greatest recharge is near the topographic peak of East Molokai
Volcano, where rainfall is greatest.

Ground-water recharge on Molokai was estimated at 144
Mgal/d from an annual water budget (Hawaii Commission on
Water Resource Management, 1990). More recently, Shade
(1997) estimated ground-water recharge at 188.6 Mgal/d from
a monthly water budget for natural-vegetation conditions,
which represents an average of about 15 in/yr over the island.
However, the ground-water recharge estimated by Shade var-
ies areally from a minimum of near 0 in/yr in the western part
to a maximum of about 100 in/yr in the northeastern part of
the island.

Discharge to Streams

Streams on Molokai have steeper gradients in the moun-
tainous, high-rainfall areas and flatter gradients near the coast.
Streams in the windward, northeastern valleys are perennial
throughout most of their lengths because they receive ground-
water discharge from the dike-impounded ground-water body.
In contrast, no perennial streams exist in the western part of
the island or the central Hoolehua Plain. Most of the streams
that drain to the south coast of East Molokai Volcano are
perennial only in their upper reaches where rainfall is persis-
tent or where water drains from marshes or springs. These
streams generally are perennial only where they flow over
lavas of the upper member of the East Molokai Volcanics.
Where streams flow over more permeable lavas of the lower
member, surface water is more readily lost to infiltration
(Stearns and Macdonald, 1947, p. 47).

Water Levels

Measured water levels are available primarily in wells
along the south coast and in the central plain (figs. 6, 7). In the
vicinity of Kualapuu, water levels are about 8 to 12 ft above
sea level; along the south shore, water levels are 1 to 3 ft above
sea level between Umipaa and Kawela and 4 to 5 ft above sea
level between Kamalo and Mapulehu.

Within the northwestern rift zone of East Molokai
Volcano near Waikolu Stream, water levels in wells 0855-01,
0855-02, and 0855-03 (figs. 6 and 7) were about 900 ft above
sea level in 1961. At the northern margin of the dike complex,
near Kalaupapa Peninsula, the water level in well 1058-01
was reported to be 9 ft above sea level, which probably repre-
sents an upper limit for the water-table altitude in the Kalau-
papa Volcanics. Results from an electrical-resistivity survey
indicated that the freshwater zone in the Kalaupapa Volcanics
is thin (Takasaki, 1986). In the West Molokai Volcanics, the
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Regional Ground-Water-Flow System

‘llemeH ‘1eY0|o|A 40 pueys| ‘Aaains onaubewonas|a
uleWOP-aWI} WOy paulwialap Apoq Ja1em auljes jo dol Jo apnyyje pue ‘sjuswalnseaw AlIAISISa WO} S|9A8] Jalem ‘/6—8g6| poliad Joj S|ana| Ja1em painseaw abeiany -7 ainbiy

TIAAT VAS NVAIN HAO4V Lddd NI
TAAFT YHIVA AFANSVAN AOVIFAV ANV TTdM Wz

MOT JHLVM-ANNOYD 40 NOILOHHIA HLVINIXOdddV

*[9AQ] BAS UBAWI ST WNJe( 199 00T ‘[eAIIU]
—(L661 'LNANADVNVYIN 4D¥NO0STA JAIVM NO NOISSININOD
NIVAMVYH) AFAINS DILANOVINOILOA T NIVINOJ-AINIL A9
QANINYALAA SV AA0d JALVM ANITVS 40 dOL 40 4ANLILTY TvNOd 40 dANI'T — 00Z- —

POLIOJUT AIOYM PAYSe(] [OAJ] 8IS ULOW ST WINB(] "J00F | ‘TeAISU]

—(1¥6T ‘ApreddeN) SINANTINSVAN ALIALLSISHY A9
QANTANYALAd SV THAFT J4IVM TVNOd 40 ANI'T

NOILVNVIdXd

) ,G7,000/G1 UBIpLBW [BU8Y *,01,ZL0LT
6Ll pue ,05,70,1Z S|a||esed piepuess ‘uonoalold
ot eale-|enba s1aq|y ‘g86L ‘000'vZ:| 8Jeas ‘elep [eNbip
Asming |ea1B60j0ag) *S°M Woly paijipow aseq

g
neeq

eme[eH

vy 106,961

1660961
(670961

\60.£61
e|nsuluay

SHILINOT ¥ 4 0 edednejey|

—

jutod o]
ST ¥ 4 0 SlolSl



14 Numerical Simulation of the Hydrologic Effects of Redistributed and Additional Ground-Water Withdrawal, Molokai

reported the water level in well 1011-01 was 5.65 ft above sea
level in 1946 (Stearns and Macdonald, 1947, p. 65).

A detailed contour map of water levels for the entire
island cannot be drawn from existing well data. MacCarthy
(1941) used electrical-resistivity measurements to determine
the depth to saltwater, then applied the Ghyben-Herzberg
relation (see subsection below entitled “Freshwater Lens”) to
estimate the altitude of the water table in the western part of
the island (fig. 7). MacCarthy estimated that the water-table
altitude there ranges from about 1 to 14 ft above sea level. The
water-level estimates made from resistivity measurements are
only approximate because use of the Ghyben-Herzberg rela-
tion to predict water levels from estimated depths to saltwater
(1) ignores the freshwater-saltwater transition zone and (2)
does not account for dynamic conditions in the aquifer where
vertical flow is present. Unquantified errors probably are asso-
ciated with the resistivity measurements and the geophysical
models used to represent actual subsurface conditions.

Freshwater Lens

Water levels measured in wells drilled into the permeable
dike-free lava flows on the island generally are less than 15 ft
above sea level. Within these dike-free lava flows, a freshwater
lens floats on denser, underlying saltwater. The source of the
freshwater is ground-water recharge from (1) the upgradient
dike complex where water levels are high, (2) infiltration of
rainfall, and (3) irrigation water. Fresh ground water flows
from inland recharge areas to coastal discharge areas. A
saltwater-circulation system exists beneath the freshwater lens
(fig. 8; Cooper and others, 1964; Souza and Voss, 1987). Salt-
water flows landward in the deeper parts of the aquifer, rises,
and then mixes with seaward-flowing freshwater, creating a
freshwater-saltwater transition zone.

Under hydrostatic conditions, the thickness of a fresh-
water lens can be estimated by using the Ghyben-Herzberg
relation. If the specific gravities of freshwater and saltwater
are assumed to be 1.000 and 1.025, respectively, and if the
freshwater-saltwater transition zone is assumed to be a sharp
interface, then the Ghyben-Herzberg relation predicts that
every foot of freshwater above sea level must be balanced by

EXPLANATION

[ FRESHWATER
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SALTWATER

WATER TABLE
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VOLCANIC ROCKS
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Figure 8. Schematic cross section of the ground-water-flow system on the Island of

Molokai, Hawaii.



40 ft of freshwater below sea level. For dynamic conditions,
the Ghyben-Herzberg relation generally underestimates the
freshwater-lens thickness near the discharge zone and overesti-
mates it near the recharge zone. The Ghyben-Herzberg relation
is sometimes used to estimate the depth at which brackish
water in the transition zone has a salinity about 50 percent that
of seawater.

Dike-Impounded Ground Water

Within the dike complex of East Molokai Volcano, fresh
ground water is impounded to high levels in the volcanic rocks
between low-permeability dikes. In the valleys of the north-
eastern part of the island, the presence of springs indicates
that ground water in the dike complex is probably impounded
to altitudes higher than 2,000 ft above sea level (Stearns and
Macdonald, 1947, p. 75). Because of low recharge rates in the
western part of the island, water levels in the dike complex
of West Molokai Volcano are probably less than about 15 ft
above sea level (MacCarthy, 1941).

The abundance of dikes in a rift zone increases with
depth, reducing the overall permeability of the dike complex
with depth. No data exist that indicate the depth to which
rocks are saturated with freshwater in the dike complex. In the
marginal dike zone, where dike intrusions are few, freshwater
floats on saltwater.

Depth to Saline Water

Salinity profiles from deep open boreholes (deep monitor
wells) commonly are used in Hawaii to estimate the thick-
nesses of the freshwater lens and freshwater-saltwater transi-
tion zone. The USGS drilled a deep monitor well (0800-01,
fig. 6) in the Kualapuu area (Oki and Bauer, 2001) and col-
lected salinity profiles from this well during the period 20014
(fig. 9). Measured salinity profiles indicate a freshwater lens,
about 260 to 290 ft thick, defined by a fluid conductivity lower
than 1,000 uS/cm. The thickness of this freshwater lens may
vary over time because of changes in recharge or pumping
rates. The upper part of the freshwater-saltwater transition
zone, as indicated by fluid conductivity between 1,000 and
25,000 uS/cm, generally is about 150 ft thick.

Salinity profiles from deep open boreholes, such as well
0800-01 (fig. 6), may be affected by flow within the bore-
hole (Paillet and others, 2002) caused by both natural and
withdrawal-induced vertical-head differences in the aquifer.

In areas where the head decreases with depth, downward
borehole flow may occur, leading to an overestimate of the
freshwater-lens thickness based on the recorded salinity
profile. The head may increase with depth in the aquifer near
partially penetrating pumped wells or coastal discharge areas,
and an increase in head in the aquifer with depth may lead to
upward flow within an open borehole. Upward borehole flow
may cause saltwater to flow upward in the borehole, leading to
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an underestimate of the freshwater-lens thickness based on the
recorded salinity profile.

The estimated thickness of the freshwater-saltwater
transition zone may be unreliable if significant vertical flow
causes mixing of water within the borehole. A flowmeter can
be used to estimate the rate of vertical flow at different depths
in an open borehole, although a flowmeter was not lowered
into well 0800-01. Alternatively, the mixing effects caused by
vertical flow can be eliminated by using a series of piezom-
eters, each open at a different depth in the aquifer, rather than
a single open borehole.

A time-domain electromagnetic survey in the Kualapuu
area was conducted by Blackhawk Geosciences, Inc. (Hawaii
Commission on Water Resource Management, 1997) to esti-
mate the depth to saline water (unspecified salinity). Results
of the survey indicate that the altitude of the saline-water
zone in the aquifer rises to the southwest (fig. 7). The results
of this survey are consistent with the expected southwesterly
decrease in water level. However, the estimated altitude of
the saline-water zone from the survey is about 800 to 1,000 ft
below sea level near well 0800-01 (fig. 6), deeper than where
measured salinity profiles indicate fluid conductivity of 25,000
uS/cm (about 50 percent seawater) (fig. 9). In the Kualapuu
area, estimated depths to saline water from the time-domain
electromagnetic survey cannot be used to accurately predict
water levels by using the Ghyben-Herzberg relation, mainly
because the detected saline water does not correspond to 50
percent seawater.

Chloride Concentration

Chloride concentration is commonly used as an indicator
of salinity, which may increase as a result of saltwater intru-
sion into a fresh ground-water body. The chloride concen-
tration of water pumped from wells in the Kualapuu area
generally has been less than 200 mg/L except in well 0902-01
(fig. 6). During the period 1950-61, the chloride concentration
of water pumped from well 0902-01 ranged from 252 to 430
mg/L (Oki, 1997). For comparison, the chloride concentration
of rainfall is typically less than 10 to 20 mg/L (Swain, 1973),
and that of seawater about 19,500 mg/L (Wentworth, 1939).

During the 1990s, chloride concentrations of water
pumped from wells 0801-01, 0801-02, 0801-03, and 0901—
01 (fig. 6) in the Kualapuu area were less than 200 mg/L (fig.
10). During the same period, chloride concentrations of water
pumped from well 0901-01 generally were about 50 mg/L,
whereas chloride concentrations of water pumped from wells
0801-01, 0801-02, and 0801-03 generally ranged from 50 to
150 mg/L.

Before the early 1980s, chloride concentrations of
water pumped from the Kawela Shaft (well 0457-01, fig.

6) were less than 100 mg/L (fig. 10). During 1996 through
1998, chloride concentrations of water pumped from Kawela
Shaft ranged from 100 to 200 mg/L, and since 2002 chloride
concentrations generally have been greater than 200 mg/L.
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Before 2002, chloride concentrations of water pumped from
the Ualapue Shaft (well 0449-01) generally were less than 70
mg/L (fig. 10); from 2003 through 2005, however, chloride
concentrations generally were more than 70 mg/L, reaching a
maximum of 100 mg/L during 2004.

Withdrawals

Most of the ground water withdrawn on Molokai is from
the Kualapuu area, the southeast coastal area, and the dike
complex in the northeastern part of the island. The reported
mean annual withdrawal from wells (excluding the Molokai
Irrigation System [MIS] Tunnel) on Molokai during the period
2000-2 was about 4.2 Mgal/d (computed from digital data
supplied by Kevin Gooding, CWRM, written commun., 2005).

Five production wells (0801-01, 0801-02, 0801-03,
0901-01, and 0902-01, fig. 6) have been drilled in the
Kualapuu area for either irrigation or domestic use. Wells
0901-01 and 0902-01, drilled in 1950 and 1946, respectively,
originally were used to irrigate pineapple fields in the Hoole-
hua Plain area. Well 0902-01 was abandoned in 1964 when
surface water from the MIS Tunnel (fig. 1) became avail-
able. Since 1976, water from well 0901-01 has been used
for domestic and irrigation purposes in the western part of
the island. Before the MIS Tunnel was completed, combined
withdrawals from wells 0901-01 and 0902-01 varied season-
ally from near O to about 1 Mgal/d (fig. 11). Kualapuu wells
0801-01 and 0801-02 (fig. 6) were completed in 1949 and
1979, respectively, and well 0801-03 (Kualapuu Mauka) was
drilled in 1987. Monthly mean withdrawal rates from each of
these three wells (0801-01, 0801-02, and 0801-03) generally
have remained below 1 Mgal/d (fig. 11). During the period
2000-2, mean annual withdrawal from the four active wells in
the Kualapuu area was about 2.2 Mgal/d. During 2005, mean
annual withdrawal from well 0801-03 was 0.605 Mgal/d.

Near the south coast, ground-water withdrawals are
mainly from two Maui-type wells (consisting of a shaft
excavated to or below the water table, and one or more infil-
tration tunnels extending outward from the shaft); one well
(045701, fig. 6), near Kawela, was completed in 1921, and
the other well (044901, fig. 6), near Ualapue, was completed
in 1936. During the period 2000-2, mean annual withdrawals
from Kawela Shaft (well 0457-01) and Ualapue Shaft (well
0449-01) were about 0.28 and 0.22 Mgal/d, respectively. Dur-
ing 2005, mean annual withdrawals from wells 0457-01 and
0449-01, respectively, were 0.348 and 0.234 Mgal/d. Total
reported mean annual withdrawals from other wells near the
south coast were less than 0.5 Mgal/d. Total unreported with-
drawals from drilled wells and numerous shallow dug wells
along the south coast are probably small.

Three production wells (085501, 0855-02, and 0855-
03, fig. 6) drilled in 1961 withdraw water from the dike com-
plex in the northeastern part of the island. Water from these
wells enters the MIS. During the period 2000-2, mean annual
withdrawal from these three wells was 0.99 Mgal/d.

Numerical Simulation of Additional
Ground-Water Withdrawal

A numerical ground-water-flow model previously was
constructed to simulate steady-state regional ground-water
flow on Molokai (Oki, 1997). The same model was used in
this study to estimate steady-state water-level and coastal-dis-
charge changes caused by possible redistributed and additional
ground-water withdrawals in the area between Kualapuu and
Ualapue.

Model Description

The regional model uses the two-dimensional (areal),
finite-element code AQUIFEM-SALT (Voss, 1984), which
was designed to simulate the flow of confined or unconfined
fresh ground water in systems that may have a freshwater
lens. AQUIFEM-SALT simulates freshwater and saltwater
as immiscible fluids separated by a sharp interface, the depth
of which is determined by the Ghyben-Herzberg relation. In
reality, a diffuse transition zone exists between the core of
freshwater and underlying saltwater. AQUIFEM-SALT simu-
lates the vertically averaged freshwater head in the aquifer and
assumes that flow is entirely horizontal and that all wells fully
penetrate the freshwater lens.

The model mesh, boundary conditions, hydraulic char-
acteristics, and recharge used in this study are the same as
those used in the original numerical model by Oki (1997), to
which the reader is referred for a complete description of these
features and construction details.

Model Application

The model by Oki (1997) was used in this study to
estimate the steady-state hydrologic effects of ground-water
withdrawals on ground-water levels and coastal discharge. The
original model mesh consists of 6,432 nodes and 6,251 square
elements (1,640 ft on a side). The mesh includes the entire
Island of Molokai and extends offshore to include the entire
coastal-discharge zone (fig. 12). The original mesh is therefore
valid for testing the scenarios described in this study.

A base case defined mainly by 2005 mean annual with-
drawal rates and May 2005 permitted withdrawal rates (table
1) was used to compute the water-level and coastal-discharge
changes caused by redistributed or additional ground-water
withdrawals. In this model, withdrawals were assigned to the
node nearest to the withdrawal site. The hydraulic character-
istics and long-term average recharge distribution used in the
original model (Oki, 1997) were used for all simulations in
this study.

Boundary conditions used in the original model include
a no-flow boundary condition coinciding with the perimeter
of the mesh and head-dependent-discharge boundary condi-
tions used to simulate ground-water discharge to the ocean and
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streams. Because ocean levels, coastal bathymetry, and stream-
channel altitudes have not changed sufficiently, the original
boundary conditions (Oki, 1997) were used in this study.

The water level in Puu O Hoku No. 1 well (0844-01,
fig. 6), which was drilled after the model was constructed, is
about 9 ft above mean sea level (Hawaii Commission on Water
Resource Management, unpub. data, 2006), indicating that
the well site is probably not in the dike complex as originally
modeled. Thus, the model is not used to specifically assess the
hydrologic effects of ground-water withdrawal from this well,
which is located near the east end of the island, outside the
main area of interest between Kualapuu and Ualapue.

Description of Model Scenarios

The 2005 base-case scenario was used as a reference
for computing steady-state water-level and coastal-discharge
changes caused by redistributed or additional ground-water
withdrawals. The withdrawal rates used in the 2005 base case
were mean 2005 withdrawal rates at wells 0449-01 (Ualapue
Shaft), 0457-01 (Kawela Shaft), and 0801-03 (Kualapuu
Mauka), the May 2005 permitted withdrawal rates at other
wells (excluding Puu O Hoku No. 1, Waiola No. 1, and the
DHHL reservation), and the 1.822-Mgal/d withdrawal rate
from the MIS Tunnel (Oki, 1997) near Waikolu Stream (fig. 6;
table 1). Proposed Waiola No. 1 well (0759-01) is not likely
to be drilled (Charley F. Ice, CWRM, written commun., 2006),
and so it was omitted from the model. The DHHL reservation
was omitted from the base case, although it was simulated in
a scenario described below. The 2005 base-case withdrawal
rates range from 0.001 Mgal/d (well 0352-12) to 1.822
Mgal/d (MIS Tunnel) and total 9.164 Mgal/d (fig. 6; table 1).
The total base-case withdrawal exclusive of the MIS Tunnel
is 7.342 Mgal/d, or about 75 percent higher than the reported
2000-2 mean annual withdrawal of 4.2 Mgal/d (excluding the
MIS Tunnel). Total withdrawal represented in the base case is
5 percent of recharge (187 Mgal/d).

Table 2.
Hawaii.

The DWS provided five proposed withdrawal sites
(Manawainui, Kawela 1, Kawela 2, Kamiloloa, and Uala-
pue) to be tested in the model (fig. 2; table 2). A total of 15
scenarios, excluding the base case, were tested. In scenarios 1
through 13, withdrawals from existing wells 0449-01, 0457—
01, and 0801-03 (fig. 6) were fully or partially redistributed
to one to four of the proposed withdrawal sites. In scenarios
1 through 8, the total withdrawal equals the base-case with-
drawal, whereas in scenarios 9 through 13 the total withdrawal
exceeds the base-case withdrawal by 0.28 Mgal/d. Scenarios
9 through 13 incorporate an increased water demand forecast
for 2030 by the DWS. Scenario 14 is similar to scenario 11
but includes the 2.905-Mgal/d withdrawal from the DHHL
reservation arbitrarily assigned to three sites in the Kualapuu
area. Scenario 15 corresponds to natural conditions without
any withdrawals. For all simulations, recharge in the model
was 187 Mgal/d.

Model Results

For each of the scenarios tested, the steady-state distribu-
tions of water-level and coastal-discharge changes were deter-
mined relative to the 2005 base-case, steady-state distributions
of water levels and coastal discharges. Simulated water-level
changes are greatest at withdrawal sites and decrease outward
with distance elsewhere. Within the zone where water levels
rise because of decreased withdrawal, the salinity of water
pumped from existing wells may decrease, although the extent
of the decrease cannot be predicted accurately with the sharp-
interface model used in this study. Similarly, within the zone
where water levels decline because of increased withdrawal,
the salinity of water pumped from existing wells may increase
by an unknown amount. The change in the salinity of water
pumped from existing wells is dependent on the amount of
water-level change and the location of the well relative to
the freshwater-saltwater transition zone. Greater water-level
changes (all other factors being equal) are expected to cause

Proposed ground-water-withdrawal sites on the Island of Molokai,

[DHHL, Hawaii Department of Hawaiian Home Lands]

Approximate

Site Name altitude (feet) Aquifer system
1 Manawainui 925 Manawainui
2 Kawela 1 700 Kawela
3 Kamiloloa 700 Kamiloloa
4 Kawela 2 700 Kawela
5 Ualapue 400 Ualapue
6 DHHL reservation 1 1,200 Kualapuu
7 DHHL reservation 2 1,600 Kualapuu
8 DHHL reservation 3 1,800 Kualapuu
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greater salinity changes. Deep wells or wells near the coast
may be located near a source of brackish ground water (transi-
tion zone) and affected to a greater extent than shallow or
inland wells.

Simulated coastal-discharge changes generally are
greatest immediately downgradient from sites of withdrawal
change, and areas of coastal-discharge changes may corre-
spond to sites of mapped fishponds or springs (fig. 1). In gen-
eral, coastal-discharge changes are difficult to directly measure
except at onshore spring sites where discharge is channelized.
Thus, the numerical model is used in this study to provide
regional estimates of coastal-discharge changes caused by
redistributed or additional ground-water withdrawals. In this
study, coastal-discharge changes are represented over areas
defined by model elements (1,640 by 1,640 ft). Coastal-dis-
charge changes less than or equal to 1,000 gal/d within model
elements are considered too small to be represented accurately
by the regional model and therefore are not shown; however,
coastal-discharge changes greater than 1,000 gal/d generally
account for about 95 percent of the total simulated change in
discharge. Simulated coastal-discharge changes may not accu-
rately reflect actual local-scale changes because of the level of
spatial discretization and because local-scale heterogeneities
in the hydraulic characteristics of the rocks are not represented
in the model.

25

Scenarios 1 Through 8—Redistribution of
Withdrawals

In each of scenarios 1 through 8, withdrawals from
existing wells 0449-01, 0457-01, and 0801-03 (fig. 6) were
partially or fully redistributed to one to four proposed with-
drawal sites (fig. 2; table 3), and the total withdrawal from all
sites equals the total 2005 base-case withdrawal. In scenarios
1 through 8, the total combined withdrawal from proposed
withdrawal sites and wells 0449-01, 0457-01, and 0801-03 is
1.187 Mgal/d. In these eight scenarios, withdrawal from well
0801-03 was reduced by 0.232 or 0.432 Mgal/d, and with-
drawals from wells 0449—-01 and 0457-01 were maintained at
2005 base-case rates or set equal to zero.

In scenario 1, in which the withdrawal from well 0801—
03 (fig. 6) is reduced by 0.232 Mgal/d and the withdrawal
from proposed withdrawal site 1 is increased by the same
amount, the hydrologic effects of each well are first simu-
lated separately (figs. 13, 14) and then combined (fig. 15).
Reducing the withdrawal from well 0801-03 by 0.232 Mgal/d
without increasing the withdrawal from proposed withdrawal
site 1 causes water levels and coastal discharge to increase
(fig. 13). The water level at well 0801-03 rises by 0.63 ft, and
water-level rises decrease outward with distance from well
0801-03. Coastal discharge increases mainly along the south

Table 3. Summary of withdrawal scenarios simulated with the ground-water-flow model for the Island of Molokai, Hawaii.

[Values in red bold indicate that withdrawal rate differs from base-case withdrawal at the site; Mgal/d, million gallons per day; DHHL, Hawaii Department

of Hawaiian Home Lands]

Simulated withdrawal (Mgal/d)

Well Well Well

Sconarip W03 osror - owgor PR PR PRt PR PR L ora
(Kualapuu  {Kawela  (Ualapue (Manawainui) (Kawela1) (Kamiloloa) (Kawela2) (Ualapue)
Mauka) Shaft) Shaft)

Base case 0.605 0.348 0.234 0 0 0 0 0 0 1.187
1 0.373 0.348 0.234 0.232 0 0 0 0 0 1.187
2 0.373 0 0.234 0.232 0.348 0 0 0 0 1.187
3 0.373 0 0 0.232 0.348 0 0 0.234 0 1.187
4 0.173 0.348 0.234 0.432 0 0 0 0 0 1.187
5 0.173 0 0.234 0.432 0.348 0 0 0 0 1.187
6 0.173 0 0 0.432 0.348 0 0 0.234 0 1.187
7 0.173 0 0 0.232 0.348 0.200 0 0.234 0 1.187
8 0.173 0 0 0.232 0.348 0 0.200 0.234 0 1.187
9 0.465 0.392 0.378 0.232 0 0 0 0 0 1467
10 0.465 0 0.378 0.232 0.392 0 0 0 0 1467
11 0.465 0 0 0.232 0.392 0 0 0.378 0 1.467
12 0.173 0 0 0.232 0.392 0.292 0 0.378 0 1.467
13 0.173 0 0 0.232 0.392 0 0.292 0.378 0 1.467
14 0.465 0 0 0.232 0.392 0 0 0.378 2.905 4.372
15 0 0 0 0 0 0 0 0 0 0
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coast from Palaau to Kawela but also along the north coast,
northwest of well 0801-03. Withdrawing 0.232 Mgal/d from
proposed withdrawal site 1 without reducing the withdrawal
from well 0801-03 causes water levels and coastal discharge
to decrease (fig. 14). The water level at proposed withdrawal
site 1 declines by 0.30 ft, and water-level declines decrease
outward from proposed withdrawal site 1. Coastal discharge
decreases along the south coast from Palaau to Kawela. The
scenario 1 combination of reducing withdrawal from well
0801-03 by 0.232 Mgal/d and withdrawing the same amount
from proposed site 1 causes the water level at well 0801-03 to
rise by 0.59 ft and the water level at proposed site 1 to decline
by 0.25 ft (fig. 15). Thus, the water-level changes simulated
in scenario 1 are reduced relative to those caused by the
individual withdrawals. In addition, the zone where coastal
discharge increases because of reduced withdrawal from well
0801-03 is smaller if the withdrawal from proposed site 1 is
0.232 Mgal/d rather than 0. Similarly, the zone where coastal
discharge decreases because of increased withdrawal from
proposed withdrawal site 1 is smaller if the withdrawal from
well 0801-03 is reduced by 0.232 Mgal/d rather than 0.

In scenarios 1 through 8, simulation results indicate
that a redistribution of withdrawals causes a corresponding
redistribution of water levels and coastal discharge. Water
levels rise and coastal discharge increases near sites of reduced
withdrawal, whereas water levels decline and coastal discharge
decreases near sites of increased withdrawal (figs. 15-22).
The magnitude and areal extent of the hydrologic changes
caused by redistributing ground-water withdrawals increase
with larger withdrawal changes. The magnitude of hydrologic
changes also generally decreases with distance from the with-
drawal sites.

At existing wells where withdrawal rates are reduced,
simulated water levels rise by 0.08 ft at well 0449-01 (Uala-
pue Shaft in scenarios 3, 6, 7, and 8) to 1.10 ft at well 0801-03
(Kualapuu Mauka in scenarios 7 and 8) (table 4). At proposed
sites where withdrawals are increased, simulated water levels
decline by 0.07 ft at site 5 (Ualapue in scenarios 3, 6, 7, and
8) to 0.48 ft at site 1 (Manawainui in scenarios 5 and 6) (table
4). Simulated water-level changes decrease with distance from
withdrawal sites. The magnitudes of simulated water-level
changes increase with larger withdrawal changes. For exam-
ple, simulated water-level changes (relative to the base case)
in scenario 4 (fig. 18) are greater than those in scenario 1 (fig.
15) because the magnitudes of withdrawal changes simulated
in scenario 4 are greater than in scenario 1 at common sites. In
scenario 1, the simulated water level at well 0801-03 rises by
0.59 ft in response to a withdrawal reduction of 0.232 Mgal/d
(fig. 15), whereas in scenario 4 the water level at well 0801-03
rises by 1.08 ft in response to a withdrawal reduction of
0.432 Mgal/d (fig. 18). Similarly, in scenario 1, the simulated
water level at proposed withdrawal site 1 declines by 0.25 ft
in response to withdrawal of 0.232 Mgal/d (fig. 15), whereas
in scenario 4 the water level at site 1 declines by 0.47 ft in
response to withdrawal of 0.432 Mgal/d (fig. 18).

The areal extent of simulated water-level change, as
indicated by the +0.01-ft line of equal water-level change, is
dependent on the magnitude of the withdrawal change and the
location of the withdrawal site relative to low-permeability
features, the coast, and other withdrawal sites. Larger with-
drawal changes cause more widespread water-level changes
(for example, compare scenarios 1 and 4). Low-permeability
features represented in the regional model affect the simu-
lated distribution of water-level changes. The areal extent of
simulated water-level changes is limited in the northeast by
the dike complex of East Molokai Volcano and, in some cases,
in the west by the confining unit separating the West and East
Molokai Volcanics (for example, figs. 18-22). In general,
withdrawal sites farther inland, away from areas of coastal
discharge, create more extensive areas of water-level change.
For example, a withdrawal reduction of 0.232 Mgal/d from
well 0801-03 (scenario 1), located in the inland Kualapuu
area, creates a more extensive area of water-level change than
a withdrawal reduction of 0.234 Mgal/d from the Ualapue
Shaft (scenario 3), located near the coast (figs. 15, 17). The
areal extent of water-level rise caused by reduced withdrawal
from an existing well is limited by the effects of increased
withdrawal from nearby proposed sites. For example, in
scenario 1, the areal extent of water-level rise caused by
reduced withdrawal from well 0801-03 does not extend to the
coast immediately south of the well because of the effects of
increased withdrawal from proposed site 1 (fig. 15). Reducing
the withdrawal from well 0801-03 by 0.232 Mgal/d without
withdrawing 0.232 Mgal/d from proposed site 1 will create a
larger areal extent of water-level rise relative to that simulated
in scenario 1 (compare figs. 13 and 15). Reduced withdrawal
from well 0801-03 may lead to decreased salinity of the water
pumped from existing wells in the Kualapuu area, although the
extent of improvement cannot be predicted accurately with a
sharp-interface model.

For steady-state conditions, the zero net change in
withdrawal simulated in scenarios 1 through 8 will cause a
zero net change in coastal discharge. Local increases and
decreases in coastal discharge are simulated in scenarios 1
through 8, although the sum of the increases equals the sum
of the decreases. In scenarios 1 through 8, coastal-discharge
changes within model elements (1,640 ft on a side) do not
exceed 70,000 gal/d (table 5). The simulated reductions in
coastal discharge generally are less than 5 percent (table 5). In
the regional model, the low-permeability dike complex of East
Molokai Volcano impedes the simulated spreading of water-
level changes to perennial streams in the northeastern part of
the island, and discharge to these streams in the dike complex
therefore is unaffected by proposed withdrawals.

In scenarios 1 and 4, the withdrawal from well 0801-03
(fig. 6) is partly redistributed to proposed withdrawal site 1
(Manawainui). Reducing the withdrawal from well 0801-03
by 0.232 Mgal/d (scenario 1) or 0.432 Mgal/d (scenario 4)
causes the simulated coastal discharge to increase along
both the south and north coasts, southwest and northwest of
well 0801-03 (figs. 15, 18). Within individual model ele-
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Table 4. Summary of water-level changes simulated with the ground-water-flow model for the Island of Molokai, Hawaii.

[Values in red bold indicate that withdrawal rate differs from base-case withdrawal at the site; positive values indicate an increase in water level, whereas
negative values indicate a decrease in water level; DHHL, Hawaii Department of Hawaiian Home Lands]

Simulated water-level change (feet)

Well Well Well Proposed Proposed Proposed  Proposed  Proposed DHHL
. 0801-03 0457-01 0449-01 . . h h h

Scenario (Kualapuu  (Kawela  (Ualapue site 1_ _ site 2 S|t_e 3 site 4 site 5 (range_for

Mauka) Shaft) Shaft) (Manawainui) (Kawela1) (Kamiloloa) (Kawela2) (Ualapue) three sites)

‘Base 8.38 2.89 3.66 6.19 4.87 5.37 5.67 4.76 12.48-16.75

case . . . . . . . . . .
1 0.59 0 0 -0.25 0 —0.01 0 0 0.04-0.10
2 0.59 0.17 0 -0.26 —0.15 —0.03 0 0 0.03-0.10
3 0.59 0.17 0.08 -0.26 -0.15 -0.03 0 -0.07 0.03-0.10
4 1.08 0 0 -0.47 0 —-0.01 0 0 0.07-0.19
5 1.07 0.17 0 -0.48 -0.15 -0.03 0 0 0.07-0.18
6 1.07 0.17 0.08 -0.48 -0.15 -0.03 0 -0.07 0.07-0.18
7 1.10 0.17 0.08 -0.23 -0.16 -0.11 0 -0.07 0.08-0.20
8 1.10 0.16 0.08 -0.21 -0.15 -0.02 —-0.08 -0.07 0.09-0.21
9 0.35 -0.03 -0.08 -0.27 0 -0.01 0 -0.02 0.01-0.05
10 0.35 0.17 -0.08 -0.28 -0.17 —0.04 0 -0.02 0.01-0.04
11 0.35 0.17 0.04 -0.28 —0.17 —0.04 0 -0.13 0.01-0.04
12 1.09 0.16 0.04 -0.24 —0.19 -0.16 -0.01 -0.13 0.08-0.20
13 1.10 0.15 0.04 -0.22 -0.18 -0.03 -0.12 -0.13 0.08-0.21
14 -1.89 0.12 0.04 -1.11 —0.30 -0.31 -0.05 013 _364t0-3.99

15 3.51 0.29 0.18 0.45 0.14 0.19 0.12 0.08 0.63-1.07

'Simulated base-case water level, in feet.

ments, coastal discharge increases by as much as 6,000 gal/d
(scenario 1, fig. 15) and 12,000 gal/d (scenario 4, fig. 18). In
general, the simulated increase in coastal discharge caused by
reducing the withdrawal from well 0801-03 decreases with
distance from the well. Increasing the withdrawal from pro-
posed withdrawal site 1 causes coastal discharge to decrease
along the south coast and limits the eastward extent of the
zone where coastal discharge increases because of the reduced
withdrawal from well 0801-03 (figs. 15, 18). Within individ-
ual model elements, coastal discharge decreases by as much as
10,000 gal/d (scenario 1) and 18,000 gal/d (scenario 4) south
of proposed withdrawal site 1.

Scenarios 2 and 5 (figs. 16, 19) include the redistributed
withdrawals in scenarios 1 and 4, respectively, as well as the
additional redistributed withdrawal from the Kawela Shaft
(well 045701, fig. 6) to proposed withdrawal site 2 (Kawela
1). In scenarios 2 and 5, withdrawal of 0.348 Mgal/d from the
Kawela Shaft is entirely redistributed to proposed withdrawal
site 2. Shutting off the Kawela Shaft causes water levels and
coastal discharge to increase in the immediate vicinity of the
shaft, and withdrawing 0.348 Mgal/d from proposed with-
drawal site 2 causes water levels and coastal discharge to
decrease in the vicinity of that site. In scenarios 2 and 5, water

levels increase by 0.17 ft at the Kawela Shaft and decrease

by 0.15 ft at proposed withdrawal site 2. In scenarios 2 and 5,
coastal discharge within model elements increases by as much
as 69,000 gal/d immediately south of the Kawela Shaft and
decreases by as much as 40,000 gal/d (scenario 2, fig. 16) and
42,000 gal/d (scenario 5, fig. 19) immediately southwest of
proposed withdrawal site 2.

Scenarios 3 and 6 (figs. 17, 20) include the redistributed
withdrawals in scenarios 2 and 5, respectively, as well as
additional redistributed withdrawal from the Ualapue Shaft
(well 0449-01, fig. 6) to proposed withdrawal site 5 (Uala-
pue), immediately inland from the shaft. In scenarios 3 and
6, withdrawal of 0.234 Mgal/d from the Ualapue Shaft is
entirely redistributed to proposed withdrawal site 5. Shutting
off the Ualapue Shaft causes water levels and coastal discharge
to increase in the immediate vicinity. Withdrawing 0.234
Mgal/d from proposed withdrawal site 5 causes water levels
to decrease in the immediate vicinity and coastal discharge to
decrease to the southwest and southeast, bracketing the area
where coastal discharge increases in response to shutting off
the Ualapue Shaft (figs. 17, 20). The simulated hydrologic
effects of redistributing withdrawal from the Ualapue Shaft
to proposed withdrawal site 5 mainly are limited to the area
between Kamalo and Pukoo. In scenarios 3 and 6, water levels
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Table 5. Summary of coastal-discharge changes simulated with the ground-water-flow model for the Island of Molokai, Hawaii.

[Maximum changes are within an individual model element. Model elements are square areas 1,640 feet on a side. gal/d, gallons per day; --, not

applicable]
Maximum absolute change Maximum relative change _Numher of m_odel elements
in coastal discharge (gal/d) in coastal discharge (percent) with coastal-discharge change
greater than 5 percent
Scenario Increase Decrease Increase Decrease Increase Decrease

1 6,000 10,000 6 2 1 0
2 69,000 40,000 9 5 4 0
3 69,000 40,000 9 5 4 0
4 12,000 18,000 11 4 1 0
5 69,000 42,000 11 5 4 0
6 69,000 42,000 11 5 4 0
7 66,000 57,000 14 7 4 2
8 53,000 41,000 15 5 3 0
9 2,000 18,000 3 0 0
10 66,000 48,000 5 3 2
11 66,000 48,000 5 3 2
12 63,000 72,000 14 10 4 2
13 44,000 49,000 15 6 3 2
14 30,000 240,000 4 85 0 34
15 960,000 - 706 -— 68 -——

increase by 0.08 ft at Ualapue Shaft and decrease by 0.07 ft at
proposed withdrawal site 5. Coastal discharge within model
elements increases by as much as 69,000 gal/d immediately
south of the Ualapue Shaft and decreases by less than 5,000
gal/d immediately southwest and southeast of proposed with-
drawal site 5 (figs. 17, 20).

Scenarios 7 and 8 (figs. 21, 22) are similar to scenario
3 but include a further reduction in the withdrawal (0.200
Mgal/d) from well 0801-03, redistributed to either site 3
(Kamiloloa in scenario 7) or site 4 (Kawela 2 in scenario 8).
Scenarios 7 and 8 indicate a further increase in water levels in
the Kualapuu area relative to scenario 3. The simulated water
level at well 0801-03 increases by 1.10 ft (scenarios 7 and 8)
compared to 0.59 ft (scenario 3) (table 1). In scenarios 7 and 8,
the zone where coastal discharge increases because of reduced
withdrawal from well 0801-03 extends farther eastward than
in scenario 3, and the zone where coastal discharge decreases
because of withdrawal from proposed withdrawal sites 1
through 4 mainly is between Kaunakakai and Kamalo. Within
model elements, coastal discharge decreases by as much as
57,000 gal/d (scenario 7, fig. 21) and 41,000 gal/d (scenario 8,
fig. 22) southwest of proposed withdrawal site 2.

Scenarios 9 Through 13—Additional Ground-
Water Withdrawal

In each of scenarios 9 through 13, the total withdrawal
from all sites was 0.28 Mgal/d greater than the total 2005
base-case withdrawal of 9.164 Mgal/d. In these five scenarios,
the combined withdrawal from proposed sites and wells
0449-01, 045701, and 0801-03 equals 1.467 Mgal/d (table
3). In these scenarios, the withdrawal from well 0801-03 was
reduced by 0.140 or 0.432 Mgal/d relative to the average 2005
withdrawal rate, and the withdrawals from wells 0449-01 and
0457-01 were increased by 0.044 and 0.144 Mgal/d, respec-
tively, or set equal to zero.

At existing wells where withdrawals are changed, simu-
lated water levels change by —0.08 ft at well 0449-01 (Uala-
pue Shaft in scenarios 9 and 10) to 1.10 ft at well 0801-03
(Kualapuu Mauka in scenario 13) (figs. 23-27; table 4). At
proposed withdrawal sites where withdrawals are increased,
simulated water levels decline by 0.12 ft at site 4 (Kawela 2 in
scenario 13) to 0.28 ft at site 1 (Manawainui in scenarios 10
and 11) (table 3).

For the steady-state conditions simulated in scenarios 9
through 13 (figs. 23-27), a net increase in withdrawal of 0.28
Mgal/d relative to the 2005 base case causes a net decrease
of 0.28 Mgal/d in coastal discharge. Local increases and



39

Numerical Simulation of Additional Ground-Water Withdrawal

‘(inutemeuey) | aus pasodoid wouy Aep sad suojjeb uoljjiw

2620 Buimespyum pue ‘(10-6v10 [19M) Yeys andejen Bunsixa ayi wouy Aep Jad suojjeb uoljjiw yy1°0 Aq [emelpynm Buisealoul ‘(L0—£Gy0 [[8m) Yeys ejamey Bunsixe ayy woj
Aep 1ad suojjeb uoljjiw 400 Aq |emespyum Buisealoul ‘(0—1080) [[8m nndejeny Bunsixs ayy wo.y Aep sad suojjeb uoyjiw gy1°Q Aq |lemespyum Buiseasoap Aq pasned (suoipuod
aseo-aseq 0} aAne|aJ) abieyasip |eISeo0d pue [aAa| Jalem ul sabueyd paje|nwis Buimoys ‘llemeH ‘1BX0[OJA JO puB|s| ay} .0} [9pOW MO[}-181eM-puno.b jo g 0LIBUBIS  °gZ ainbi4

199J ur ‘@3ueyo
[9AQ[-IoJeM pIje[NUIIS ST sasayjuared ur anfep
—YHINON TTHM ANV TTdM ONILSIXH  Wigeqs)
€0-1080
14494 NI ‘AONVHD TAAGT-YdIVAM
AAIVINNIS ANV ALIS TVAMVIAHLIM d4S0dodd V.

120~
ro+r —— _
S0'0- — SO0+ — 000°S1—> 0> 000°0¢— M
00— 0’0+ 000°s— >0 >000S1- O
10°0— 100+ 000'1- >0O>0006— O 000 >0 >0001 O
L1A94 NI ‘HONVHD THAAT-4dIVM AVA ¥gdd SNOTTVO NI ‘O ‘ADIVHOSIA
ALV INNIS TVNOHE 40 ANIT TVLSVOD dA.LVININIS NI HONVHD

NOILVNV1dXd

,G7,000/G1 UBIPLBW [B3U8Y *,01,Z 01T

pue ,06,70,1Z S|a||esed piepuess ‘uonoalold
eale-|enba siaq|y ‘g8l ‘000'vZ:1 8Jeds ‘elep [enbip
Aaning [ea1Boj0aD) S WoJ) paljipow aseg

nyandey

150012

wiod
neeq

eme|eH PATICH

adeg

n
0ls12

&g

DMD, 106,961
H ,6G096G1
\GP.961 161
edednereyy
e|nsuiuad 00251
! "0+ .
SYILIN0IN Y ¢ 0 edednejey m.%m_wwr 0LoLSL
uiod oljj
SN Y [4 0 GLaiL

6 0LIRUdDS



Numerical Simulation of the Hydrologic Effects of Redistributed and Additional Ground-Water Withdrawal, Molokai

40

‘(1 ejamey) g aus pasodoud wouy Aep Jad suojjeh uoljiw zee 0 Buimespyum pue ‘(inutemeuely)) | aus pasodoud

wouy Aep Jad suojjeb uoliw zgz 0 Buimespyum ‘(10-6¥t0 [18M) Yeys andejen Bunsixa ayl wouy Aep 1ad suojjeb uoljjiw yi71°0 Ag |emespyum Buiseasoul ‘(L0—LGH0 [19M) Yeys
ejamey Bunsixa ayl wouy 018z 0} lemespyum Buisealdap ‘(£0—1080) l1@m nndejeny Bunsixa ayy wouiy Aep Jad suojjeb uoljjiw gy|'0 Aq |lemespyum Buisealdap Aq pasnea (suoiipuod
ased-aseq 0] aAlle|al) abieyasip [eISL0D pue [aAd| Jajem ul sabueyd pajejnwis Buimoys ‘ilemey ‘1B0|0JA JO pue|s| 8y} 10} |apow AMojj-1alem-punolb jo 0| oLeuads ‘g ainbiy4

199J ur ‘@3ueyo
[OAQ[-IoJeM pIje[NUITS ST sasayjuared Ur onfeA
—YHINON TTHM ANV TTdM ONILSIXH  Wigeqs)

€0-1080
LA4d NI ‘HONVHD TAATT-YdIVM
AILVINAIS ANV ALIS TYMVIAHLIM adsododd V. (e3reyostp aseo-oseq
8C0 01 aAne[aI oueyd oFejusdrad are sasoyjuared ur sonfeA)
paredIpur aIe p/[ed ()OO‘0E UeYy) 10Jeasd sa3uryd 93IeyosIq
o+ — 000°0€=>0 u 0> 0000¢ W
00— —— SO0+ — 000°ST=> 0> 000°0¢— M 000°0€ >0 >000°ST W
00— 200+ 000°s— >0 >000S1- O 000°S1>0>000C @
10°0— 100+ 000'T- >0 >000— O 000 >0 >0001T O
LA NI ‘HONVHD TAATT-YdLVM (p/1¥8) AvA ¥dd SNOTTVO NI ‘O ‘HOAVHISIA
AdIvVINIAIS TVNOd A0 ANI'T TVLSVOD d4.LVINIS NI HONVHD
. NOILLVNVIdXH
(%9) p/1e6 000°/5+
(%8) p/1e6 00099+
(%1~) p/1e6 000°5€~ .57,000£G1 UelpLawW [eu8d ',01,Z1olT
(%2-) p/1e6 000°8~ pue 05,70, 1Z S|8||esed piepuess ‘uonosloid
L = (%2-) p/1e0 000°GE~ eale-|enba siaq|y ‘€861 ‘000'7Z: 1 8|eds ‘elep ebip

(80°0-) 0+
10-6v70 _ﬂu_%m«vc \ £ Aanng [eaiBojoag “g°M wouy paljipow aseg
150612

104
neeq

eME[RH

eme|eH
ade) e

PP

u
0lolC

GG.961
6,961

edednerey

e|nsuluad
edednejey

SHILANOTIY ¢ 0 (§€'0+) 0LoLG1

€0-1080

SN Y 4 0 s 104 o1

0l 0LeU3IS



q

Numerical Simulation of Additional Ground-Water Withdrawal

‘(andejen) g aus pasodoid wouiy Aep uad suojjeb uoljjiw g/g'0 Buimelspyum pue ‘(| ejamey|) g aus pasodoud wouy Aep tad suojjeh

uol|jiw z6g"0 Buimespyum ‘(inuiemeuely)) | auis pasodoud wo.y Aep sad suojjeB uoljiw gez 0 Buimelpyum ‘(L0—6v10 119m) yeys andejen bunsixa ay pue (L0—-L5r0 [1am) Yeys
elamey Bunsixa ayy wouj 019z 03} sjemelpyum Buisealoap ‘(£0—1080) [[dm nndejeny Bunsixa ayy wouy Aep sad suojjeb uoyjiw gy1°g Aq |lemelpyum Buisealoap Aq pasnes (suoipuod
ased-aseq 0] aAlle|al) abieyasip [eISL0D pue [aAd| Jajem ul sabueyd pajejnwis Buimoys ‘ilemey ‘1B0|0JA JO pue|s| 8y} 10} |apow AO}4-1a1em-punolb jo || oeuads ‘gz ainbi4

199] ur ‘aSueyod
[oAQ[-IajeM pajR[NIS ST sasayuared ur anfep
—YHINON TTHM ANV TTHM DONLLSIXd  WigeqH)

€0-1080
L1A94 NI ‘HONVHD TAATT-4d1IVM
AHLVTINANIS ANV dLIS TVMVIAHLIM ddSOdOdd \ & _ (sBxeyosip dseo-aseq
8C°0 01 dAne[a1 93uryd oFviusdrad are sasoyiuared ur sonjeA)
PaleIIpUI I8 p/[ed ))()‘)E ULyl JoIeald sagueyd oSIeydsi(]
1o+ — 000°0€=>0 | 0>0000¢ m
00 —— 00+ —— 000°S1=>0>0000¢~ @ 000°0€ >0 >000°S1 W
00— 200+ 000°S— >0>000SI- 0 000S1>0>000¢ @
10°0— 10°0+ 000°1= >03>0006- O 000°s >0 >000T O
LAdd NI ‘HONVHD THAHT-YAIVM (p/1e3) AVd ¥dd SNOTIVO NI ‘O ‘HOIVHISIA
4LV INIAIS TVNOd A0 ANIT TVLSVOD ALV INIAIS NI HONVHD
NOILLVNVTdXH
(%9) p/1e6 000°/5+
(%8) p/1e6 000°99+
(%~) P/1eb 000'Ge- .G7,000£G1 UBIpUBW [BUBI ", 01,Z1o1T
(9%2-) p/1eb 000'8~ pue 06,70, 1Z S/a|jeled piepueis ‘uonasfold
(v0°0+) (LL0+) (%2-) /126 000°G6~ eale-[enba siagly ‘861 ‘000'7Z: | 8[eds “elep [enbip

]
L0-6v%0 10-L50 v

Aamng |eaibojosn “§'n wouf paljipow aseq
4
).wo
100- Sy Juiog

£ro- neeq

eme|eH EMEICH

ade)

N
0lolC

{vg

PMDIDE] 106,961

LGl
edednereyy

G061
(Ge°0+) 010461

wEEEE £0-1080
ST ¥ [A 0 SlolSl

e|nsuluad
edednejey
juiod oy

Ll OLeU3IS



Numerical Simulation of the Hydrologic Effects of Redistributed and Additional Ground-Water Withdrawal, Molokai

42

‘(andejen) g aus pasodoid

wody Aep uad suojjeb uoijjiw g/g'0 Buimelrpyum pue ‘(eojojiwey) ¢ aus pasodoad wouy Aep 1ad suojjeh uoljjiw zez'0 Butmespyum ‘(| ejamey]) z aus pasodoud wouy Aep 1ad suojjeh
uoljiw z6g"0 Buimespyum ‘(inulemeuely)) | auis pasodoud wo.y Aep sad suojjeB uoljiw gez 0 Buimelpyum ‘(L0—6v10 119m) Jeys andejen bunsixa ay pue (L0-L5r0 [1aMm) Jeys
elamey Bunsixa ay) wouj 019z 03 sjemelpyum Buisealoap ‘(£0—1080) [1dm nndejeny Bunsixa ayy wouy Aep sad suojjeb uoljiw zyg'0 Aq |lemelpyum Buisealoap Aq pasnea (suoipuod
ased-aseq 0] aAlle|al) abieyasip [eISLOD pue [aAd| Jajem ul sabueyd pajejnwis Buimoys ‘llemey ‘1B0|0JA JO pue|s| ay} 10} |apow Mojj-1alem-punolb jo g| oueuads ‘9z ainfil4

199] ur ‘@3ueyo
[OAQ[-10JeM Paje[nWIS ST sasayjuared ur anfep
—YHINON TTHM ANV TTdM ONILSIXH  Wigp 4

€0-1080
LA NI ‘HONVHD TAAHT-JdLVA
AHLVININIS ANV dLIS TYMVIAHLIM ddS0d0dd <§.ol (eBIeyosIp ased-aseq
0] oAne[a1 o3ueyd o5ejucorad ore sesoyjuared ur sonjea)
S0+ pajedrpur 1 p/[es 0000 uey) Ieals sadueyd aSIeyosiq
ot — ‘ ¢
10t —— 000°0¢=>0 | 0>0000¢ W
S0'0- — 00+ — 000°S1—>0 > 0000¢— W 000°0€ >0 >000ST M
20°0- 20°0+ 000°S— >0>00061- 0 000°ST>0>000S @
10°0— 100+ 000°T-= >0 >0005— O 000°s >0 >0001 O
LHAAA NI ‘HONVHD THAHT-4d.IVM (p/1e3) AVA ¥dd SNOTTVO NI ‘O ‘ADIVHISIA
AdIVINIAIS TVNOd 40 ANI'T TVLSVOD ALV INIS NI HONVHD
; NOILVNVIdXH
(%) w\\mw 00075+
(78] pr1e0 000 €9t (%t~ p/1e6 000°96-
T O (%5-) u\\mm 000~
i (%1-) p/1eb po0°ze~ \G7,00/51 UBIpLBW [BA1USY *,01,Z 01T
nyandey ll“lllll L (117 (%t-) p/1e6 000°7/~ pue 06, 70,17 sfajleled piepue)s ‘uonoafoid
(¥0°0+) (91°0+) . = (%€-) p/1e6 000°0/~ eale-|enbs siaq|y ‘€861 ‘000'vZ: | 8]9S ‘e1ep [eubip
10-6¥%0 10-£5%0 \ / ] O Asmng |eaiBojoag S M wo.y paijipow aseg
$ A
100- &
iy Y 0. O ui0d
€10 o I nee’j
1, EEEEEN
O~
QD
\ 2
emejeq - eme[eH
ade) g O 0lolZ
S
P 1060961 66a06L NS §
670961 — .
u oLSl EaREEE WO
edednefey] L] PN
CITT1T]
SYIANOMY 0 einsuad (60'L+) A OLotst
edednejey €0-1080 '
uiod oy
SN ¥ [4 0 GlolGl

Z1 OLleUaag



43

Numerical Simulation of Additional Ground-Water Withdrawal

‘(andejen) g aus pasodoid

wouy Aep uad suojjeb uoijjiw g/g°0 Buimelrpyum pue ‘(z ejamey) ¢ aus pasodoud wouy Aep Jad suojjeb uoljjiw gez 0 Butmespyum ‘(| ejamey) g aus pasodoud wouy Aep 1ad suojeh
uol|jiw zeg 0 Buimelpyum ‘(inuremeuelp) | 8us pasodoid wouy Aep sad suojjeb uoljjiw zez: 0 Buimelpyum ‘(L0-6v0 l19M) Heys andejen Bunsixa ayl pue (L0—/Gy0 [|9M) BeYyS
elamey Bunsixa ayy wouj 019z 03} sjemelpyum Buisealoap ‘(£0—1080) [[dm nndejeny Bunsixa ayy wouy Aep sad suojjeb uoyjiw zyg'0 Aq |lemelpyum Buisealoap Aq pasnes (suoipuod
ased-aseq 0] aAlle|al) abieyasip [eISL0D pue [aAd| Jajem ul sabueyd pajejnwis Buimoys ‘ilemey ‘1B0|0JA JO pue|s| 8y} 10} |apow Aojj-1alem-punolb jo ¢| oueuads ‘g ainbiy4

199] ur ‘@3ueyd
[OAQ[-10JeM Paje[nuIIs ST sasdyjuared ur anfep
—IHINNON TTHM ANV TTM DNILSIXd  Wig;-14)

. €0-1080
LA9d NI 'HONVHD THAT T-JHLVM
A4LVINAILS ANV ALIS TYMVIAHLIM adsododd V- (eBreyosip aseo-aseq
o 0] oAne[a1 oueyd a3ejuadrad are sesoyjuared ur sanfea)
S0+ pajedIpur are p/[esd 000‘0¢ uey) 1eaIs seSueyo a31eydsiq
ot — . .
oy —— 000°0¢—> 0 ] 0>0000¢ W
00— — 0’0+ — 000°S1—>0>000°0¢— M 000°0€ >0 >000ST M
00— 200+ 000°s— >0>000S1- O 000°S1>0>000'S @
10°0- 100+ 000°T- >0>000s- O 000'S >0>000'1 O
1494 NI ‘HONVHO THAFT-JIVM (p/1e8) AvA ¥dd SNOTTVO NI ‘O ‘ADAVHISIA
ALV INAIS TVNOd 40 ANIT TVLSVOD ddIVINIAIS NI HONVHD
) NOILVNVI1dXd
(%) /126 00075+
(%5) p/1eb 000c+
(%1-) p/1e6 000°€- (%) P/1e6 00021~
llllll ﬂwww M\“Mm mmmwmw .57,000£G1 uelpLaw (el *,01,Zlole
nyindey ] \m\nmu\ /196 000 55 pue 08,0, 1Z S|8|(esed piepuess ‘uopaafoid
(¥0°0+) ’ eale-|enba siaq|y ‘€861 ‘000'7Z: L 8|eds ‘elep exbip
10-6v70 [ | Asnng [eaiBojoag “g°n wouy paljipow aseg
. m juiod
O neeq
[ TTTT]
(1°0%)
10-£5%0
\ 2
eme|ey o oNIPH l
d nndprenyy
808 ing N S 0lol2
DMDIDE 060961 N ~ &
,GGo9G1L S F 0
Gt.9G1 —
uf LSl EEEEEE
edednepeyy [}
SYIANOMY 0 einsuag (01'1+) AL OLotst
edednejey €0-1080 '
ulod olj
ST ¥ [4 0 GlolSL

€] 0Leuaag
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decreases in coastal discharge are simulated in these five
scenarios, although the sum of the decreases exceeds the sum
of the increases by 0.28 Mgal/d. Reducing withdrawal from
well 0801-03 by 0.140 Mgal/d (scenarios 9—11) or 0.432
Mgal/d (scenarios 12—13) causes simulated coastal discharge
to increase along both the north and south coasts (figs. 23-27).
Shutting off the Kawela Shaft and withdrawing 0.392 Mgal/d
from site 2 (scenarios 10-13) causes coastal discharge imme-
diately downgradient from Kawela Shaft to increase by as
much 66,000 gal/d in model elements (scenarios 10, 11, figs.
24-25). However, shutting off the Ualapue Shaft and with-
drawing 0.378 Mgal/d from site 5 (scenarios 11-13, figs. 25—
27) does not result in an increase in coastal discharge immedi-
ately downgradient from the shaft. In scenarios 9 through 13,
reductions in coastal discharge in model elements generally
are less than 5 percent (table 5), and maximum reductions in
coastal discharge in model elements range from 18,000 gal/d
(scenario 9, fig. 23) to 72,000 gal/d (scenario 12, fig. 26).

Scenario 14—the DHHL Reservation

Scenario 14 is similar to scenario 11 with the addition
of the 2.905-Mgal/d withdrawal from the DHHL reservation
equally distributed among three arbitrary withdrawal sites in
the Kualapuu area (fig. 28). In scenario 14, (1) simulated water
levels at the three arbitrary withdrawal sites in the Kualapuu
area are 3.64 to 3.99 ft lower than in the base case, (2) the
simulated water level at well 0801-03 is 1.89 ft lower than in
the base case and 1.54 (1.89 — 0.35) ft lower than in scenario
11, and (3) simulated water levels at proposed withdrawal
sites 1 and 2 are 1.11 and 0.30 ft lower than in the base case,
respectively, and 0.83 and 0.25 ft lower than in scenario 11. In
comparison, simulated water levels in scenarios 1 through 13
decline less than 0.5 ft relative to the base case.

Total withdrawal in scenario 14 is 3.185 Mgal/d greater
than in the base case. Thus, simulated steady-state coastal
discharge in scenario 14 is 3.185 Mgal/d less than in the base
case. In scenario 14, coastal discharge increases only in the
area immediately downgradient from the Kawela Shaft (by as
much as 30,000 gal/d in one model element; fig. 28). Coastal
discharge decreases along both the north and south coasts.
South of the Kualapuu area, between Umipaa and Kamiloloa
(fig. 1), the reduction of coastal discharge in several model
elements is greater than 200,000 gal/d (fig. 28). The simu-
lated reduction of coastal discharge in model elements is less
than 75,000 gal/d in scenarios 1 through 13. Comparison of
scenarios 11 and 14 indicates that the 2.905-Mgal/d with-
drawal from the DHHL reservation in the Kualapuu area at the
three selected sites has little effect on water levels and coastal
discharge east of Mapulehu.

Scenario 15—Natural Conditions (Zero
Withdrawals)

In scenario 15, all withdrawals were set to zero, causing
water levels and coastal discharge to increase over much of the
central and eastern parts of the island relative to base-case con-
ditions (fig. 29). Eliminating all withdrawal causes regional
increases in water levels and coastal discharge to natural,
predevelopment conditions. Water levels and coastal discharge
increase along the south coast from Palaau eastward to Halawa
(figs. 1, 29). Water levels and coastal discharge increase along
the north coast from Moomomi eastward to Kalaupapa (fig.
29). Simulated discharge to streams in the dike complex of
East Molokai Volcano also increases in response to eliminat-
ing withdrawals from wells 0855-01, 0855-02, and 0855-03
and the MIS Tunnel (fig. 29), which are located in the dike
complex of East Molokai Volcano near Waikolu Stream.

Model Limitations

The ground-water-flow model of Molokai used in this
study has several limitations. The number of monitor wells is
insufficient to define the spatial distribution of water levels in
inland areas in the southeastern part of the island, in the west-
ern part of the island, and in the dike complex in the northeast-
ern part of the island. Thus, the distribution of simulated water
levels is unverified in some places. Furthermore, the thickness
of the freshwater lens is poorly known in most parts of the
island, including areas of proposed additional ground-water
withdrawal.

Because of a lack of sufficient water-level data used to
constrain the simulations, the model used in this study is not
unique—that is, different distributions of hydraulic conductiv-
ity could be used to construct a model that produces equally
acceptable simulated water levels. The model used in this
study can be refined, and the ground-water-flow system can be
better represented, as more data become available to constrain
the model.

Because the ground-water-flow model contains only a
single layer, vertical hydraulic gradients cannot be simulated,
and the simulated drawdown caused by additional withdrawal
underestimates the actual drawdown near partially penetrat-
ing wells. In addition, the model should not be viewed as a
quantitatively precise predictive tool because of the uncer-
tainty in the hydraulic-conductivity distribution. The model is,
nevertheless, the best available tool for analyzing the possible
regional hydrologic effects of ground-water withdrawals on
Molokai under steady-state conditions. Transient hydrologic
effects of withdrawals were not considered in this study.

The AQUIFEM-SALT model simulates a sharp inter-
face between freshwater and saltwater. Simulated freshwater
thickness from AQUIFEM-SALT overestimates the actual
freshwater thickness. In reality, freshwater is separated from
underlying saltwater by a freshwater-saltwater transition zone,
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which can be represented by using a model capable of simulat-
ing density-dependent ground-water flow and transport.

The ground-water-flow model simulates the regional
effects of additional withdrawal on coastal discharge. The
actual reduction in coastal discharge on a local scale may not
be accurately represented by the model because of the level of
spatial discretization and because local-scale heterogeneities in
the hydraulic characteristics of the rocks are not represented.

Summary

Because of the increasing demand for water associated
with a growing population, projected increases in demand
over the next few decades, and the increasing salinity of water
pumped from some existing wells, the DWS is currently
(2006) considering drilling additional wells to replace or
supplement existing wells on Molokai. Redistributed and addi-
tional ground-water withdrawals would affect water levels,
might affect the salinity of water pumped from existing wells,
and would affect the discharge of ground water to the near-
shore environment. In response to concerns over the possible
effects of ground-water withdrawals on Molokai, the USGS
undertook this investigation, in cooperation with the DWS, to
quantify the hydrologic effects of ground-water withdrawal
from selected sites on water levels and coastal discharge. An
existing numerical ground-water-flow model was used to
estimate water-level and coastal-discharge changes caused by
redistributed and additional ground-water withdrawals in the
area between Kualapuu and Ualapue.

The model by Oki (1997) was used in this study to
estimate the steady-state hydrologic effects of redistributed
and additional ground-water withdrawals. A base case defined
by 2005 mean annual withdrawal rates from wells 044901
(Ualapue Shaft), 0457-01 (Kawela Shaft), and 0801-03
(Kualapuu Mauka), May 2005 permitted withdrawal rates
from other wells (excluding Waiola No. 1, Puu O Hoku No. 1,
and the DHHL reservation of 2.905 Mgal/d), and the 1.822-
Mgal/d withdrawal from the MIS Tunnel was used to calculate
water-level and coastal-discharge changes caused by redis-
tributed and additional ground-water withdrawals. The 2005
base-case withdrawal rates range from 0.001 to 1.822 Mgal/d
and total 9.164 Mgal/d. Total withdrawal represented in the
base case is 5 percent of island recharge. The hydraulic char-
acteristics and long-term average recharge distribution (187
Mgal/d) used in the original numerical model were used for all
the simulations in this study.

A total of 15 scenarios were tested. Results of the sce-
narios of redistributed and additional ground-water withdraw-
als indicate that (1) redistribution of ground-water withdraw-
als causes a corresponding redistribution of water levels and
coastal discharge; (2) water levels rise and coastal discharge
increases near sites of reduced withdrawal, whereas water
levels decline and coastal discharge decreases near sites of
increased withdrawal; (3) the magnitude and areal extent of

References Cited 47

hydrologic changes caused by redistributed ground-water
withdrawals increase with larger withdrawal changes; (4)
simulated hydrologic changes are greatest near and down-
gradient from withdrawal sites and decrease with distance
elsewhere; (5) simulated water-level declines are less than 0.5
ft (for scenarios in which the DHHL reservation is omitted);
(6) simulated coastal-discharge reductions generally are less
than 30,000 gal/d (and everywhere less than 75,000 gal/d)
within discrete 1,640- by 1,640-ft-square areas (for scenarios
in which the DHHL reservation is omitted), generally repre-
senting less than 5 percent change; (7) the low-permeability
dike complex of East Molokai Volcano impedes the spread of
water-level changes to perennial streams in the northeastern
part of the island, and discharge to these streams in the dike
complex therefore is unaffected by proposed withdrawals;
and (8) discharge to some fishponds and springs increases

in response to decreased withdrawal at upgradient sites, and
discharge to other fishponds and springs decreases in response
to increased withdrawal. Simulated withdrawal of the DHHL
reservation (2.905 Mgal/d) causes water levels in the Kualapuu
area to decline by almost 4 ft. Eliminating all withdrawal
causes regional increases in water levels and coastal discharge
to natural, predevelopment levels. In addition, eliminating
withdrawals from existing wells and the MIS Tunnel in the
dike complex increases ground-water discharge to streams in
the northeastern part of the island.

The ground-water-flow model of Molokai used in this
study has several limitations. Because of insufficient informa-
tion on water levels in many areas, including areas of proposed
withdrawal, the distribution of simulated water levels can-
not be verified in some places. The regional model may not
accurately represent local-scale reductions in coastal discharge
caused by withdrawals. A better representation of the ground-
water-flow system using a three-dimensional, density-depen-
dent model can be constructed as more data become available.
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